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bstract

Atomic layer deposition (ALD) was used to deposit an alternative dielectric barrier layer for use in radio frequency microelectromechanical
ystems (rf MEMS). The layer is an alloy mixture of Al2O3 and ZnO and is proposed for use as charge dissipative layers in which the dielectric
onstant is significant enough to provide a large down-state capacitance while the resistivity is sufficiently low to promote the dissipation of trapped
harges. This paper investigates Al2O3/ZnO ALD alloys deposited at 100 and 177 ◦C and compares their material properties. Auger electron
pectroscopy was used to determine the Zn concentrations in the alloy films, which was lower than expected. Atomic force microscopy images
evealed an average surface roughness of 0.27 nm that was independent of deposition temperature and film composition. The dielectric constants of
he Al2O3/ZnO ALD alloys films were calculated to be similar to pure Al2O3 ALD, being ∼7. Indentation was used to ascertain the modulus and

ardness of the ALD films. Both the modulus and hardness were found to increase for the greater deposition temperature. ALD-coated rf MEMS
witches showed a low insertion loss, ∼0.35 dB, and a high isolation, 55 dB at 14 GHz. Mechanical actuation of the ALD-coated devices showed
ifetimes of over 1 billion cycles.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The reliability of capacitive switches continues to be limited
y dielectric charging. Dielectric charging occurs when electric
harge tunnels into a dielectric material and becomes trapped [1].
s a result, the applied potential is screened and device oper-

tion degrades. Eventually, the trapped charge becomes large
nough that either the switch will remain in the down-state posi-
ion when the actuation voltage is removed (i.e. electrostatic
tiction), or the beam will not actuate when a voltage is applied.

hoosing a proper dielectric material can minimize the dielec-

ric charging problem and is critical for successful rf device
peration.

∗ Corresponding author.
E-mail address: victor.bright@colorado.edu (V.M. Bright).
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The two most common dielectric materials used in rf MEMS
re plasma-enhanced chemical vapor deposited (PECVD) sil-
con dioxide and PECVD silicon nitride [2]. Silicon dioxide
as a lower trap density than silicon nitride, which implies that
evices made with silicon dioxide dielectric layers should be
ess prone to charge trapping, i.e. longer lifetime. PECVD sili-
on dioxide, however, has a lower dielectric constant, 4.1–4.2,
hen compared to PECVD silicon nitride, 6–9, which leads to a
ecrease in the down-state capacitance [3,4]. An ideal dielectric
ayer would possess both a high dielectric constant and a low
rap density.

This paper demonstrates an alternative dielectric layer for rf
EMS capacitive switches made using atomic layer deposited

l2O3/ZnO alloys. Elam et al. showed that Al2O3/ZnO ALD

lloy films exhibit a tunable range of physical properties that
s achieved by changing the concentration of ZnO in the
lm. Specifically, the resistivity of these alloy films can range

mailto:victor.bright@colorado.edu
dx.doi.org/10.1016/j.sna.2006.07.002
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Fig. 1. A schematic drawing of the rf MEMS switch fabrication process. The
left side shows a cross-sectional view of the process and the right side shows a
top view.
C.F. Herrmann et al. / Sensors a

rom 10−2 � cm, for pure ZnO ALD, to 1016 � cm, for pure
l2O3 ALD [5]. Based on these results, it is proposed that the
l2O3/ZnO ALD alloy films can be engineered to have a resis-

ivity low enough to promote the dissipation of trapped charges
hile maintaining a high enough dielectric constant to maximize

he down-state capacitance.
Due to the sensitive nature of rf MEMS switches, low pro-

essing temperatures are necessary to prevent deformation of
he devices. The rf MEMS devices used in this study are pri-

arily gold and are fabricated on sapphire substrates. Due to
he mismatch in the coefficients of thermal expansion between
he sapphire substrate and the gold switch, the curvature of the
ridge is highly dependent on the maximum processing tem-
erature. Furthermore, gold, and other thin film metals, may
e subject to the mechanisms of self-diffusion, grain growth, or
nterdiffusion at elevated temperature, which can result in signif-
cant and lasting change in internal stress [6]. Coating the curved
ridge at elevated temperatures may lock in some of the curva-
ure and cause difficulty with actuating the switch, i.e. changing
ts characteristic actuation profile, for monolithic or even more
omplicated structures. To minimize temperature driven effects,
deposition temperature of 100 ◦C is utilized for the ALD coat-

ng of gold rf MEMS devices.

. Experimental

.1. Switch fabrication

Capacitive rf MEMS shunt switches were designed and fab-
icated at the Air Force Research Laboratory (AFRL) at Wright
atterson Air Force Base. Fig. 1 shows a schematic diagram of

he switch fabrication process. The switches were fabricated
n an r-plane sapphire (0 1 1 2) substrate. The bottom elec-
rode consisted of 0.02 �m thick adhesive layer of titanium
Ti), and a 0.3 �m thick layer of gold (Au) and was evaporated
nd patterned through standard lift-off processing (Fig. 1(a)). A
.0 �m thick polymethylglutarimide (PMGI) photoresist sacri-
cial layer was used to define the switch gap. The PMGI was
atterned and reflowed to provide step coverage (Fig. 1(b)). The
op bridge electrode was then evaporated after patterning using
tandard lift-off processing. The bridge electrode was either a
olid Au layer or a multilayer of Au, Ti and Au both with nom-
nal thickness of 0.7 �m (Fig. 1(c)). After the deposition of the
ridge metal, the sacrificial photoresist was removed using a wet
elease process consisting of immersion in photoresist stripper,
ollowed by isopropyl alcohol and then methanol. Following
elease, the switches were dried using a CO2 critical point dryer
o prevent surface tension driven stiction (Fig. 1(d)). An optical
mage of a completed device is shown in Fig. 2. The 0.1 �m
hick dielectric layer was subsequently deposited on the com-
leted devices using atomic layer deposition (Fig. 1(e)).
.2. Atomic layer deposition (ALD)

The dielectric material for the capacitive switches was
eposited following the completion of switch fabrication and

Fig. 2. An optical image (top view) of a completed rf MEMS capacitive switch.
The center span area is approximately 450 �m × 80 �m.
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elease using an atomic layer deposition (ALD) technique.
LD is a vapor-phase, deposition technique that is based on
sequence of two self-limiting reactions between vapor-phase
recursor molecules and a solid surface [7]. The ALD process
oes not require line-of-sight for deposition and high surface
rea-to-volume ratio structures can therefore be conformally
oated. This means that both the bottom of the bridge and the
nderlying substrate are coated with the dielectric material, as is
ypical of this deposition process. More commonly, the dielectric
ayer in MEMS switches is located in one layer on the substrate,
ince it is deposited in blanket format.

The devices were placed in the ALD viscous flow reactor
nd were coated at either 100 or 177 ◦C with pure Al2O3 or
l2O3/ZnO alloys [8]. For Al2O3 ALD, deposition involves

equential exposures of trimethylaluminum (Al(CH3)3, TMA)
nd water (H2O) and the chemistry occurs via the following
eactions where the asterisk represents surface species [9,10].

lOH∗ +Al(CH3)3 → AlOAl(CH3)3
∗ + CH4 (1A)

lCH3
∗ + H2O → AlOH∗ + CH4 (1B)

uring deposition, the surface is first exposed to TMA as in
eaction (1A). The reactants and products are then purged from
he system using ultrahigh purity nitrogen. Next, the surface
s exposed to water vapor as shown in reaction (1B) and, again,
he reactant and products are disposed using nitrogen. This com-
letes one ALD cycle. At this point, the surface is ready for the
ext cycle beginning with another TMA exposure. The growth
ate for Al2O3 ALD at 100 ◦C is 1.1 Å/cycle and the time for
ne complete ALD cycle is 28 s. At a deposition temperature of
77 ◦C, the growth rate is 1.2 Å/cycle and one cycle takes 12 s
11]. Longer exposure and purge times are used at 100 ◦C to
nsure completion of the growth and purging processes, respec-
ively, preventing accidental CVD. Al2O3 films grown by ALD
echniques are insulating, amorphous, and smooth. The Al2O3
LD surface chemistry is very amenable to growth on a variety
f substrates including oxides, nitrides, metals, semiconductors
nd polymers. This allows for devices and substrates of almost
ny material to be conformally coated with Al2O3 ALD films.

ZnO ALD films are deposited using alternating exposures
f diethylzinc (Zn(CH2CH3)2, DEZ) and water. The reaction
equence for ZnO ALD is as follows [12]:

nOH∗ + Zn(CH2CH3)2
∗ → ZnOZn(CH2CH3)∗ + CH3CH3

(2A)

n(CH2CH3)∗ + H2O → ZnOH∗ + CH3CH3 (2B)

here the asterisks signify surface species. At a deposition
emperature of 100 ◦C, the growth rate for pure ZnO ALD,
etermined using an in situ quartz crystal microbalance, is
.9 Å/cycle. A typical ALD cycle including precursor exposures
nd nitrogen purges takes 28 s. ZnO ALD films grown at 177 ◦C

equire 12 s/cycle and the growth rate is 2.0 Å/cycle. These films
re conductive, crystalline, and rough.

To create the Al2O3/ZnO ALD alloys, a percentage of the
MA exposures were replaced by exposures of DEZ [13].

a
m
o
b

tuators A 135 (2007) 262–272

he exposure sequence for pure Al2O3 ALD involves alter-
ating between TMA and water exposures as discussed above.
n Al2O3/ZnO ALD alloy with 33% DEZ exposures, for

xample, can be deposited by substituting every third TMA
xposure with an exposure of DEZ. The alloy is made as
omogeneous as possible by evenly distributing the DEZ
xposures.

Al2O3/ZnO ALD alloys containing 0, 33, 50, and 67% DEZ
xposures were deposited on the AFRL rf MEMS switches. The
eposition temperature of 100 ◦C was chosen to minimize any
hermally induced device deformation. The devices were coated
t 100 ◦C with 870 cycles of ALD. For pure Al2O3 ALD at
00 ◦C, 870 cycles corresponds to an approximate thickness of
00 nm. The thickness of the alloy films may be slightly lower
ue to incomplete initial nucleation of ZnO on Al2O3 and vice
ersa [13]. The conformal 100 nm ALD coating resulted in an
ffective dielectric thickness of 200 nm because both the under-
ide of the bridge as well as the underlying substrate electrode
ere coated. For the investigation of ALD film material proper-

ies, alloys containing 0, 33, 50, 67 and 100% DEZ exposures
ere grown on HF-etched Si(1 0 0) wafers. Deposition temper-

tures of 100 and 177 ◦C were used in this study to compare
he effect of temperature on the film properties. The film thick-
esses for all of the samples were obtained using a mechanical
rofilometer.

. Results and discussion

.1. ALD film composition

Auger electron spectroscopy (AES) is a thin film chemical
nalysis technique that is based on the Auger radiationless pro-
ess. The AES system consists of an ultrahigh vacuum chamber,
n electron gun for specimen excitation, and an energy analyzer
or the detection of the Auger electrons. The chemical compo-
ition of the Al2O3/ZnO ALD alloy films was determined using
ES. ALD films containing 0, 50, 67, and 100% DEZ exposures
ere grown on Si(1 0 0) substrates at 100 ◦C. The average ALD
lm thickness was ∼25 nm. AES is a surface sensitive technique,

herefore, only the first few nm of the film are analyzed. The sam-
les were transferred to the vacuum chamber immediately after
LD film growth to minimize surface contamination.
Fig. 3(a) shows the AES for pure Al2O3 ALD and pure ZnO

LD films. The key peak for the pure Al2O3 ALD film occurs
t 1391 eV, which corresponds to the KLL Auger transition for
luminum. The zinc LMM Auger transition can be seen at an
lectron energy of 992 eV in the ZnO ALD spectrum. The Al2O3
LD and ZnO ALD Auger spectra also possess a predominant
eak at an electron energy of ∼500 eV, which matches the KLL
uger transition for oxygen.
The AES for the Al2O3/ZnO alloy films exhibit two main

eaks in the 700–1500 eV energy range, as shown in Fig. 3(b).
hese peaks correspond to the Auger transitions for aluminum

nd zinc as discussed above. This indicates that the alloys are
ixtures of both Al2O3 and ZnO. The peak intensities vary based

n the atomic concentration of the elements in the film. While
oth films appear to contain a larger concentration of aluminum
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han zinc, the film with 67% DEZ exposures clearly shows more
inc than the film with 50% DEZ exposures.

The atomic concentration of zinc, CZn, can be estimated from
he Auger spectra using Eq. (3) [14]:

Zn = IZn/SZn

IZn/SZn + IAl/SAl
(3)

here Ix is the Auger peak intensity for element X and Sx is
he sensitivity factor for element X [14]. From the spectra in
ig. 3(b), the concentration of zinc was determined to be approx-

mately 11% for the alloy containing 50% DEZ exposures and
0% for the alloy containing 67% DEZ exposures.

These percentages are remarkably lower than expected using
he rule of mixtures. One explanation stems from the oxidation
ffinities of aluminum and zinc. As AES is a surface sensi-
ive technique, only the first few nm are being sampled. In this
egion, Al may have a tendency to accumulate because it has
reduction potential of −1.662 V, which is more negative than

he −0.7618 V reduction potential of Zn [15]. This signifies that
luminum is more likely to give up electrons to oxygen than

inc. When the sample is exposed to the atmosphere, the surface
ecomes oxygen-rich and the aluminum will migrate towards
he surface. Lower than expected Zn film content was also doc-
mented for ALD alloy films grown at 177 ◦C [13]. Elam et

ig. 3. Auger electron spectra for pure Al2O3 ALD and pure ZnO ALD films
re shown in (a). Auger electron spectra for Al2O3 ALD films containing 0, 50,
nd 67% DEZ exposures are shown in (b).
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l. proposed that the Zn deficiency may result from the etching
f Zn by the TMA precursor [13]. The Zn concentrations for
77 ◦C ALD films reported by Elam et al. are higher than the
ES results presented here for the 100 ◦C ALD films. It is possi-
le that the concentration of Zn in the films deposited at 100 ◦C
s lower than the concentration of Zn in the films deposited at
77 ◦C.

.2. ALD film properties

The topography was observed with a Dimension 5000 scan-
ing probe microscope (Digital Instruments, Santa Barbara,
A). The atomic force microscope (AFM) images were obtained

n tapping-mode using a rectangular Si cantilever (Si3N4 coated)
ith a nominal spring constant and resonant frequency of 40 N/m

nd 325 kHz, respectively. The surfaces were measured using
�m × 1 �m scans with 512 pixels in each direction (i.e. ∼2 nm

ateral resolution) and post-processed with plane-fit and flatten
outines. The z-scale for the height images shown in Fig. 4 is
nm. Al2O3 ALD films containing 0, 33, 50, and 67% DEZ
xposures were deposited on heavily doped n-type Si(1 0 0)
afers. For each sample, 600 ALD cycles were grown at both
00 and 177 ◦C, corresponding to a thickness range of 59–68,
nd 69–76 nm, respectively.

The values for the RMS roughness of the films are summa-
ized in Table 1 and AFM images of the ALD alloys with 0
nd 67% DEZ exposures are shown in Fig. 4. From Table 1,
he deposition temperature does not have a significant effect
n surface roughness. The roughness values obtained in this
tudy agree well with the results of Elam et al. [5]. Furthermore,
he ZnO/Al2O3 ALD alloys appear to have roughness values
imilar to the pure Al2O3 ALD films. The ZnO component of
nO/Al2O3 ALD alloys has been seen to lose its crystalline
ature, becoming amorphous when Zn content decreases below
1% [5]. Therefore, the rougher surface texture associated with
nO crystals is not expected for the ZnO/Al2O3 ALD alloy films
sed here.

Dielectric constants of the ALD films were calculated from
urrent versus voltage measurements taken using a mercury
robe. A detailed description of the mercury probe instrument
nd procedures can be found in Ref. [16]. Six hundred ALD
ycles of Al O ALD films containing 0, 33, 50, and 67%
2 3
EZ exposures were grown at both 100 and 177 ◦C. The cor-

esponding thickness ranges are 59–68, and 69–76 nm for 100
nd 177 ◦C films, respectively.

able 1
MS roughness of ALD alloy films deposited on Si(1 0 0) substrates

RMS roughness (nm)

100 ◦C deposition
temperature

177 ◦C deposition
temperature

% DEZ 0.31 ± 0.04 0.31 ± 0.03
3% DEZ 0.27 ± 0.04 0.25 ± 0.01
0% DEZ 0.28 ± 0.03 0.25 ± 0.03
7% DEZ 0.26 ± 0.03 0.26 ± 0.05
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ig. 4. Atomic force microscopy (AFM) images showing the surface roughnes
77 ◦C.

Eq. (4) was used to calculate the dielectric constants of the
LD films from the capacitance versus voltage measurements

16]:

= Cd

ε0A
(4)

here C is the capacitance (F), d the thickness of the film mea-
ured using a stylus profilometer (m), ε0 the permittivity of free
pace (8.8419 × 10−12 F m−1), and A is the area of the Hg col-
mn, 0.437 mm2. Table 2 summarizes the dielectric constants for
he Al2O3/ZnO ALD alloy films deposited at 100 and 177 ◦C in
ddition to the corresponding resistivities from Elam et al. [5].
he calculated dielectric constant for pure Al2O3 ALD films
eposited at 100 ◦C was found to be 6.8 which is comparable to
he dielectric constant of Al2O3 ALD films deposited at 177 ◦C
16]. The Al2O3/ZnO ALD alloy films possessed dielectric con-
tants similar to the pure Al2O3 ALD films. There is a slight

ecrease in dielectric constant with increasing DEZ exposures.
owever, this should not be significant enough to prevent the

lloy films from performing as effective dielectric layers for rf
EMS switches. As with the pure Al2O3 ALD films, the dielec-

n
t
C
i

able 2
ielectric constants and resistivities for Al2O3/ZnO ALD films

DEZ exposures 0
ielectric constant with 100 ◦C deposition temperature 6.8 ± 0.5
ielectric constant with 177 ◦C deposition temperature 6.8 ± 0.7 [1
esistivity (� cm) [5] ∼1016
l2O3/ZnO ALD alloys with 0 and 67% DEZ exposures deposited at 100 and

ric constants of the alloy ALD films did not vary significantly
ith deposition temperature.
The Young’s modulus and hardness of the ALD films were

nvestigated using instrumented indentation. For this study, ALD
lms containing 0, 50 and 100% DEZ exposures were grown on
F-etched Si(1 0 0) wafers at both 100 and 177 ◦C. The film

hickness for all of the specimens was approximately 300 nm.
ilms grown at a deposition temperature of 100 ◦C were tested
sing a NanoXP indentor (MTS Systems Corporation, Min-
eapolis, MN), while the films grown at 177 ◦C were tested using
NanoDCM indentor (MTS Systems Corporation, Minneapolis,
N). The instruments are capable of sub-nanometer displace-
ent resolution and sub-microNewton force resolution. Material

roperties were evaluated according to the Oliver–Pharr method
17], which was used in conjunction with the continuous stiff-
ess method (CSM) [18] to characterize specimens throughout
heir thickness. The Oliver–Pharr method considers the stiff-

ess of the specimen and instrument during unloading in order
o calculate material properties, i.e. modulus and hardness. The
SM is utilized to superimpose a sinusoidal signal during the

ndentation loading profile so that the material properties can

33 50 67
7.2 ± 0.2 6.6 ± 0.3 5.8 ± 0.3

6] 6.3 ± 0.3 6.4 ± 0.3 6.0 ± 0.3
∼1014 ∼1013 ∼1011
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Table 3
Nanoindentation results for ALD films deposited at 100 and 177 ◦C

100 ◦C deposition
temperature

177 ◦C deposition
temperature

Modulus
(GPa)

Hardness
(GPa)

Modulus
(GPa)

Hardness
(GPa)

Pure Al2O3 150 ± 2 8.1 ± 0.3 180 ± 8 12 ± 1
50% DEZ 147 ± 4 8.0 ± 0.3 168 ± 6 11 ± 1
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e evaluated at many discrete instances, i.e. unloading events.
ased on knowledge of the methods as well as the standard devi-
tion of the data sets, the nanoindentation technique is accurate
o within about 5–10% of the measured values, being best when
he results of multiple indentations are averaged.

Immediately prior to indentation, the instruments were cali-
rated using fused silica, with the area coefficients for the tip
etermined according to the suggestion by Oliver and Pharr
17]. The modulus and corrected hardness for the fused silica
ample were determined to be 73.6 ± 0.8 and 10.5 ± 0.2 GPa,
espectively. For the measurements, the sink-in parameter, ε,
as assumed to be 0.75 and the geometry factor, β, was assumed

o be 1.05, based on recent investigations [19]. A series of >20
ndents was made up to the depth of 100 nm at the constant (load-
ng) strain rate of 0.05 s−1. To ensure isolation between tests,
pacing between indents was at least 100 �m. The test proce-
ure subjected the samples to loading at constant strain rate, a
old at the maximum load for 30 s to stabilize the material, then
nloading at constant strain rate, and finally a hold at 10% of
he maximum load for 30 s to obtain thermal drift correction.
s proposed by Pharr and Oliver [20], the contact depth should
e approximately 10% of the film thickness in order to avoid
he effect of substrate compliance. The results of the load versus
isplacement curves, therefore, are typically interpreted at the

epth of 30 nm (Fig. 5). Because the values obtained are rela-
ively stable, the results in this study were interpreted (averaged)
or contact depth in the range of 30–50 nm (Table 3). The initial

ig. 5. Indentation data for the various ALD films, deposited at 100 ◦C (a) and
77 ◦C (b). Results are typically evaluated at 10% of the film thickness, i.e.
0 nm into the specimens shown.
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exposures
ure ZnO 134 ± 28 6 ± 2 143 ± 14 9 ± 2

epth measurements for the material properties of the films less
han 30 nm into the specimens were discarded on the basis of oxi-
ation and contamination on the surface as well as incomplete tip
ngagement.

Table 3 lists the Young’s modulus and the corrected
Berkovitch) hardness of the ALD films deposited at 100 and
77 ◦C as determined from the nanoindentation measurements.
he modulus and hardness values were the greatest for the Al2O3
LD, and least for the ZnO ALD. For both deposition tem-
eratures, the values for the Al2O3/ZnO ALD alloy films were
ntermediate to the two pure films. Example indentation data for
he modulus is shown in Fig. 5. Data is provided for the materi-
ls deposited at 100 ◦C (Fig. 5(a)) and 177 ◦C (Fig. 5(b)). As in
able 3, modulus data for the Al2O3/ZnO ALD alloy films lie

ntermediate to the other pure films. Note that, for all specimens
xcept the pure ZnO ALD, the modulus remains relatively con-
tant at depths deeper than 30 nm, allowing for the averaging
f data at somewhat deeper depths (30–50 nm). The ZnO ALD
lms behave in an asymptotic manner and their convergence is
ore gradual than the other films. This might be explained by

heir crystalline nature, as defect activity [21] and phase trans-
ormation [22] have been observed in other crystalline ceramic
aterials. Also stress may exist in a complex state at grain

oundaries. The consistent data at relatively deep depths may
uggest that the modulus of all three film compositions is rela-
ively well matched to that of the Si substrate.

For the deposition temperature of 177 ◦C, the Al2O3 ALD
as found to have a Young’s modulus of 180 ± 8 GPa and a
ardness of 12 ± 1 GPa. These values are in agreement with
previous nanoindentation study of Al2O3 ALD deposited

t 177 ◦C [23]. However, the measured modulus is notably
ess than that of bulk amorphous alumina, i.e. 372 GPa [24].
he decreased modulus may result from the decreased den-
ity of Al2O3 ALD. Crystalline alumina (�-, �-, or �-alumina)
as a density of 3.3–4.0 g/cm3 [25], whereas Al2O3 ALD
eposited at 177 ◦C has a density of ∼3.0 g/cm3 [11]. Differ-
nce in density might be explained by the amorphous nature
f Al2O3 ALD, which is inherently more porous. It is clear
rom Table 3 and Fig. 5 that the modulus and the hardness of
he Al2O3 ALD increase with increasing deposition tempera-
ure. Again, these changes are likely related to the change in

◦
ensity (the growth rate is optimized for silicon at 177 C [8]).
t 100 ◦C the density of pure Al2O3 ALD is ∼2.7 g/cm3 [11].
he density rises to ∼3.0 g/cm3 when the film is deposited at
77 ◦C.
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profiles. Line profiles along the length of the bridge before and
after coating are shown in Fig. 6(b) and (c), respectively. The
line profiles show that the ALD process reduces the magnitude
of curvature (improved flatness) across the length of the bridge
68 C.F. Herrmann et al. / Sensors a

The results for the ZnO ALD film deposited at 177 ◦C give a
oung’s modulus of 143 ± 14 GPa and a hardness of 9 ± 2 GPa.
ith a 100 ◦C deposition temperature, the ZnO ALD was found

o have a Young’s modulus of 134 ± 28 GPa and a hardness
f 6 ± 2 GPa. These values are consistent with previous results
or the modulus of ZnO films [26]. There is a large amount
f uncertainty in the ZnO ALD measurements that stems from
he polycrystalline nature of the film, i.e. preferred anisotropic
exture [27]. Because of this large uncertainty, no relationship
etween deposition temperature and material properties can be
rawn. The nanoindentation results for the ALD alloy with 50%
EZ exposures are similar to that of pure Al2O3 ALD. In this

ase, the modulus was determined to be 147 ± 4 GPa at a depo-
ition temperature of 100 ◦C and 168 ± 6 GPa at a deposition
emperature of 177 ◦C. These values are slightly lower than the
alues measured for the pure Al2O3 ALD films due to the pres-
nce of ZnO in the film. The hardness values, ∼8 and ∼11 GPa
or 100 and 177 ◦C, respectively, are nearly equivalent to the
ure Al2O3 ALD results.

At this point, the ideal modulus values for Al2O3 and ZnO are
onsidered. A material’s expected modulus can be determined
ased on the theory of polycrystalline aggregate [28], which con-
iders the average of the isostrain (Voight) and isostress (Reuss)
onditions. Based on the anisotropic stiffness coefficients for
rigonal �-Al2O3 (corundum) and hexagonal ZnO [29], the esti-
ates of 402.7 GPa and 0.23 as well as 125.4 GPa and 0.36 were

etermined for the elastic modulus and Poisson’s ratio of Al2O3
nd ZnO, respectively. It is evident that the expected modulus
alue for Al2O3 is considerably greater than that measured using
ndentation. This is not surprising, since the predicted value is
ppropriate for polycrystalline and not amorphous material, i.e.
esser packing density. On the other hand, the expected modu-
us value for ZnO is less than that measured using indentation.
his might be explained if a preferred crystallographic texture
xisted for the ZnO films. For example, the (1 0 0) orientation
s favored for ZnO ALD thin films deposited at temperatures
elow 200 ◦C [30–32].

Both the modulus and hardness measurements for the alloy
lm are more similar to the pure Al2O3 ALD film. A more

ntermediate value might have been expected based on a basic
ule of mixtures type approximation. Previous work has seen
imilar effect regarding the density of Al2O3/ZnO ALD alloy
lms, which was attributed to partial etching of the Zn by TMA
uring the Al2O3 growth cycle [5]. This is likely the case in
l2O3/ZnO ALD alloy films here, and so the rule of mixtures

stimate would naturally under predict the modulus and hardness
alues, since not as much Zn is present. Some difference between
lloy and pure films may also occur based on the incomplete
ucleation of one of the films or the packing geometry of the
onstituent molecules.

Additionally, the hardness of the ALD films was significant;
eing comparable to that of glass. Note that the hardness of
lass, e.g. 10.5 ± 0.2 GPa, is slightly less than that of silicon,

.g. 12.9 ± 0.3 GPa [18]. Also note that the hardness of bulk
-Al2O3 may be as high as 39.2 GPa [33], and that of ZnO
GPa [34]. High hardness is of great benefit, since it enables

he applied ALD material to serve as a wear resistant coating for
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evices made from silicon [35]. Indeed, any of the ALD films
xamined might be expected to maintain the tribological lifetime
f a surface micromachined component subject to mechanical
ontact. Typically smooth ALD coatings may, however, in some
ases promote stiction because of the inherently high contact
rea associated with the surface [36]. Lastly, because the ALD
oatings are themselves oxides they should resist oxidation in
ribological applications.

.3. ALD-coated rf MEMS switches

Initially, the rf switch devices were analyzed with a white
ight interferometer, i.e. ZYGO New View 200 (Zygo Corpora-
ion, Middlefield, CT) to determine any changes in the bridge
rofile. These devices were coated with ∼100 nm thick ALD
lms at 100 ◦C as described in Section 2.2. Fig. 6(a) shows an
ptical image of a device to illustrate the direction of the line
ig. 6. An optical image (top view) of an ALD coated device is shown in (a) with
line indicating from where the cross-sectional profiles were taken. A pre-ALD
rofile along the center of the device length is shown in (b) and a post-ALD
rofile along the center of the device length is shown in (c).
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ig. 7. An optical image (top view) of an ALD coated device is shown in (a) w
he devices before ALD are shown in (b) and (d). Profiles taken after ALD coat
alues for all of the devices are summarized in Table 4.

etal. This behavior was also observed for the Al2O3/ZnO ALD
lloy coatings. This small amount of deformation was not detri-
ental to switch operation, i.e. actuation voltage.
The interferometric profile measurements made along the

idth of the devices revealed a shape dependence on the con-
entration of Zn in the ALD films. Line profiles along the width
f the devices both before and after ALD coating are presented
n Fig. 7. The tabulated values representing the curvature of the
ridge, C, for the uncoated and ALD-coated devices are shown in
able 4. Curvature of zero corresponds to ideal/perfect flatness.
urvature was found to increase after ALD and with increasing
ercentage of DEZ exposures. The cause of this phenomenon is
urrently unknown but may stem from stresses in the Al2O3/ZnO
lms, the Au itself, or the interfaces. A previous study showed

hat 100 nm thick Al2O3 ALD films grown at 177 ◦C have
tensile stress of approximately 400 MPa in magnitude [37].

gain, this deformation was not found to interfere with device
peration.

The insertion loss and isolation of the ALD-coated rf switches
ere measured to evaluate the performance of the ALD dielec-

d
m
a
m

able 4
he curvature of the bridge electrode on devices before and after ALD-coating

of DEZ cycles 0 3
re-ALD curvature (mm−1) 1.53 ± 0.34
ost-ALD curvature (mm−1) 2.11 ± 0.38
line indicating from where the profiles were taken. Profiles along the width of
ith 0 and 67% DEZ exposures are shown in (c) and (e), respectively. Curvature

ric layer. The results of the insertion loss measurements are
ummarized in Fig. 8(a). The insertion loss of a rf switch refers to
he rf loss dissipated in the device in its on (pass) state. Insertion
osses for switches with ALD dielectric layers were typically
.35 dB, with a slight increase for the ALD Al2O3/ZnO alloy
t high frequencies. The isolation of a rf switch refers to the
f isolation between the input and output in the off (blocking)
tate. The results of the isolation measurements are shown in
ig. 8(b). The isolation for switches with ALD Al2O3 and ALD
l2O3/ZnO dielectric layers was very high, about 55 dB, at fre-
uencies around 14 GHz, and decreased with higher and lower
requencies to about 25 dB. The high isolation around 14 GHz is
aused by an electrical resonance designed into the switch, and
s not related to the use of the ALD dielectric material.

Initial lifetime (cycling of mechanical actuation) testing was
erformed to determine the effectiveness of the ALD films as

ielectric layers on rf MEMS capacitive switches. First and fore-
ost, it is important to state that all of the switches were oper-

ble after the ALD deposition. The ALD-coated devices were
echanically actuated until failure in a nitrogen atmosphere at

3 50 67
1.50 ± 0.18 1.48 ± 0.40 1.48 ± 0.24
2.15 ± 0.20 2.48 ± 0.28 2.68 ± 0.16
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ig. 8. Insertion loss for shunt switches with Al2O3 ALD and Al2O3/ZnO ALD
ielectric materials, shown in (a). Isolation for shunt switches with Al2O3 ALD
nd Al2O3/ZnO ALD dielectric materials, shown in (b).

drive frequency of 2 kHz. Device failure was defined as a drop
n isolation below 15 dB or a rise in insertion loss above 1 dB.
one of the devices catastrophically failed during testing, i.e.

hort-circuiting or mechanical stiction. A summary of the num-
er of cycles before failure versus percentage of DEZ exposures
s shown in Table 5. Note that the device coated with 50% DEZ
xposures lasted more than 1 billion cycles before failing. Simi-
ar devices fabricated at AFRL with silicon nitride dielectric fail
efore 100 million cycles. The results in Table 5 suggest that
evice lifetime increases with increasing ZnO content, which is
o be expected if the ZnO is slowing the charging phenomenon or
acilitating charge dissipation. The device containing 67% DEZ
xposures, however, showed a marked decrease in lifetime. This
ecrease can be attributed to the lower dielectric constant and

he high ZnO concentration. The results suggest that there is
n optimum amount of DEZ exposures required to produce the
ost effective dielectric layer.

able 5
ifetime (cyclic actuation) results for devices coated with various Al2O3/ZnO
LD films

DEZ exposures # Cycles before failure (millions)

0 661
3 712
0 1057
7 374

w
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m
N

R

tuators A 135 (2007) 262–272

. Conclusions

This paper presents an alternative dielectric material for rf
EMS devices deposited using atomic layer deposition (ALD)

echniques. The ALD films are alloys composed of Al2O3 and
nO and are thought to exhibit charge dissipative behavior. The
l2O3/ZnO ALD alloy films exhibited lower than expected Zn

ontent which is attributed to aluminum accumulation at the sur-
ace of the film and etching of the Zn by the trimethylaluminum
recursor used during Al2O3 ALD. The dielectric coefficients
f Al2O3 ALD films with varying amounts of ZnO were cal-
ulated and were shown to be consistent with the dielectric
onstant of pure Al2O3 ALD films. Furthermore, no strong rela-
ionship was found to exist between deposition temperature and
ielectric constant or surface roughness. Dielectric constant and
urface roughness are likely independent of examined compo-
itions because of the amorphous nature of the alloy films. The
oung’s modulus and hardness of the ALD films were deter-
ined from nanoindentation measurements. The pure Al2O3
LD films were found to have the highest values of both modu-

us and hardness, and the values were decreased with decreasing
eposition temperatures. The modulus and hardness for the pure
nO ALD films were the lowest and contained a large amount of
ata scatter due to the polycrystalline nature of ZnO. The alloy
lms showed modulus values intermediate to the two pure ALD
lms and hardness values similar to pure Al2O3 ALD films. The
lloy films are likely more similar to the pure Al2O3 ALD films,
ecause of partial etching of the Zn by TMA, as seen in past
tudies.

rf MEMS capacitive switches coated with the ALD films
ere analyzed and tested. The bridge profiles (curvature) were

ound to change after the coating but not enough to significantly
ffect switch operation. Processing yield for the ALD coating of
eleased switches was 100%. All of ALD-coated switches exhib-
ted low insertion losses, ∼0.35 dB and high isolation, ∼55 dB
t 14 GHz. Cyclic actuation of switches coated with the alloy
LD films demonstrated lifetimes of over a billion cycles. Test-

ng results on device lifetime suggest a relationship between the
oncentration of ZnO and the lifetime of the device.
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